Abstract
In this paper, we propose an inverse method to infer the unbiased distribu-23 tion of the axes of slump folds. Such a technique is useful for basin analysis 24 and for the understanding of soft-sediment deformations, because slump folds are 25 often used to infer paleoslopes (e.g., Jones, 1939) . The folds are thought to be 26 formed during a reduction in velocity of slump sheets (e.g., Strachan and Alsop, 27 2006; Alsop and Holdsworth, 2007; Alsop and Marco, 2011) , and therefore, are 28 used to infer paleoslope directions. Folds are considered to dip upslope and to 29 strike approximately normal to the slopes (Jones, 1939; Tucker, 2003; Bridge and 30 Demicco, 2008) . Hence, basin architecture has been inferred from their vergence 31 (e.g., Woodcock, 1976; Bradley and Hanson, 1998; Noda and Toshimitsu, 2009 ).
32
However, this popular view is known to have many exceptions (Hansen, 1971; La-33 joie, 1972; Woodcock, 1979; Farrell, 1984; Strachan and Alsop, 2006; Debacker et al., 2009; Alsop and Marco, 2012 ).
35
To demonstrate our bias correction technique, we collected orientation data 36 from the axes of mesoscale slump folds in the Cretaceous Izumi basin, Japan. The 37 strata crop out along the Median Tectonic Line-the crustal-scale fault dividing 38 the high-T and high-P metamorphic belts along the SW Japan arc (Miyashiro, 39 1961). The basin formation is attributed to the wrench tectonics along the fault 40 (Ichikawa and Miyata, 1973) 
as a part of widespread wrench tectonics in Eastern

41
Asia in the Cretaceous (Ren et al., 2002) driven by the oblique subduction of the
42
Izanagi Plate (Taira et al., 1983; Maruyama et al., 1997) . Miyata (1990) 
Bias model
51
To construct a bias correction technique we considered, first, the way the ori-52 entation distribution was biased. The probability of the axis of a mesoscale fold to 53 be exposed at an outcrop is comparable to Buffon's needle problem (e.g., Aigner does not intersect the line, providing that the width of the needle is zero; whereas 57 3 the probability increases obviously with the angle made by the needle and the line.
58
A needle perpendicular to the line has the maximum probability.
59
Probability is always defined to have a value between 0 and 1. Comparing the 60 needle to an axis of mesoscale fold and the line to the surface of an outcrop (Fig.   61 2), it turns out that the probability of the axis to be exposed at the outcrop can be 62 written as
where a is the unit vector representing fold axis, n is the unit vector normal to the 64 outcrop surface and φ is the angle made by a and n. This equation has a value 65 between 0 and 1. The lengths of the folds were assumed to be independent from 66 their orientations to regard Eq. (1) (Fig. 3 ). In addition, the distribution has the concentration parameters, κ 1 and κ 2
80
(κ 1 ≤ κ 2 ≤ 0). The distribution has the probability density function, concentration axis on the bedding (Fig. 4) . The same symbol refers to the trend of 93 the axis for horizontal bedding. In either case, ψ has a value between 0
• and 180
• .
94
We dealt with slump folds in a homoclinal structure, but bedding attitudes had a 95 variation to some extent. Variation of the angles made by the axes and the bedding 96 is assumed, here, for dealing not only with the variation of the axes themselves 97 but also that of the bedding attitudes in a largely homoclinal structure.
98
Observed orientation distribution of fold axes depends not only on the true 99 distribution of the axes themselves but on the orientations of outcrop surfaces 100 (Eq. 1). Fig. 5 shows the forward modeling of the bias using artificial data: the
101
Bingham distribution with the parameters, κ 1 = −10 and κ 2 = −1, was assumed 102 to be the true distribution (Fig. 5a ). Horizontal bedding was assumed. Therefore, 
107
The observed orientation distributions for the cases of uniform and clustered
108
orientations of outcrops were synthesized as follows. First, the unit vector, a,
109
representing a fold axis was generated thousands of times to make the Bingham 110 distribution with κ 1 = −10 and κ 2 = −1 (Fig. 5a ). Second, each of the times a 111 uniform random number, p, between 0 and 1 was generated; and at the same time 
Bias correction
123
Observed orientation distribution was unbiased by statistical inversion to de-124 termine the parameters, κ 1 , κ 2 and ψ. Given the values of those parameters, the 125 probability to discover a fold axis parallel to the unit vector a was calculated 126 through the procedure described in §2. 
where a i is the unit vector parallel to the ith of N observed fold axes. 
140
The above method is tested with the artificial data in Fig. 5e . That is, a hundred 141 orientations drawn from the distribution in the figure were assumed as the axes of
142
observed folds, and we tested the method if it resulted in an unbiased distribution 143 similar to the 'true' one in Fig. 5a . Fig. 6a shows the 100 orientations that were 144 assumed to be observed axes of folds. Their maximum concentration axis had a 145 NNW-SSE trend. They were unbiased using the orientations of outcrops in Fig.   146 5c. The grid search with the intervals of 0.5 for the concentration parameters and 147
15
• for the trend of the axis resulted in the optimal values,κ 1 = −11.0 andκ 2 = 148 −1.5, and the trend of 165 • (Fig. 6c) . The E-W trending maximum concentration 149 7 axis in Fig. 6a was clearly shown to be an artifact. The unbiased distribution (Fig. 150 6c) was similar to the 'true' one ( Fig. 5a) , which had the values, κ 1 = −11, κ 2 = −1 151 and ψ = 0 • . The low κ 2 value indicated that girdle patterns were favorable for the 152 data. Therefore, unlike a dense and small cluster it was difficult to determine 153 precisely the trend of the maximum concentration axis on the girdle. 
Application to natural data 155
The bias correction technique was applied to mesoscale slump folds in the
156
Cretaceous Izumi basin, SW Japan, to infer their true orientation distribution. We 157 collected the orientation data along coasts to the south of Osaka, Japan (Fig. 7 ).
158
Turbidites with a SE-dipping homoclinal structure cropped out along sea cliffs 159 and on wave-cut platforms (Figs. 8, 9a ). free from the sampling bias that affected that of fold axes.
168
The succession shown in Fig. 9a was ∼750 m in thickness-an apparent thick- (Fig. 10 ).
181
We observed slump fold axes along the coast (Fig. 9b) . The axes made a 182 cluster in the SE quadrant (Fig. 9c) , roughly perpendicular to the southwestward 183 paleocurrents (Fig. 9a) . Therefore, the axes seem consistent with the classical 184 view by Jones (1939) . However, the vergences of the folds were bimodal with 185 peaks in NE and SW quadrants (Fig. 9b) , the former of which is inconsistent soft.
190
However, we found that slump folds even in a slump sheet had various axial 191 orientations (Fig. 11) . The thicknesses of the sheet and the turbidite sandstone 192 beneath it were measured along a coast, the location of which is shown in Fig. 7 , were roughly perpendicular to the coast line (Fig. 9b) , we suspected that the 201 cluster of fold axes in the SE quadrant (Fig. 9c) was an artifact coming from 202 sampling bias. On the other hand, the strata cropping out along the coast showed a homoclinal 210 structure with the mean dip direction and dip was 154
• /33
• . We used this bedding 211 attitude for the inversion.
212
The orientation distribution of the fold axes in Fig in Fig. 9g , and the simulated distribution for the synthesized distribution of fold 218 axes is shown in Fig. 9h .
219
The optimal values satisfy the condition, κ 1 ≪ κ 2 ≈ 0, indicating a girdle orientations on bedding planes with tendency to be clustered in the SW quadrant.
224
The apparent orientation distribution had a cluster roughly in the same orientation, 225 but the unbiased one had a lower peak density on the girdle compared to the 226 apparent one (Fig. 9 ). The unbiased distribution was shown to have such a cluster, 227 though the unbiased one was more girdle-like than the observed one.
228
The maximum concentration axis of the unbiased orientation was more or 229 less perpendicular to the southwestward paleocurrents (Fig. 9) , though the nearly 
259
A numerical method to unbias the observed distribution using not only the 260 observed one but also the orientations of outcrops.
261
The method was applied to the axes of mesoscale slump folds embedded in unbiased one had a lower peak density than the observed one.
266
The maximum concentration axis of the unbiased one was roughly perpendic-267 ular to the paleocurrents observed in the same area. Therefore, the popular view 
388
The rake of the maximum concentration axis is denoted by ψ. 
407
The distribution has the optimal values,κ 1 = −11.0 andκ 2 = −1.5, and the trend lines) had hinges perpendicular to the general trend of paleocurrents (Fig. 9a) .
447
Tilt correction was not applied to the trends. 
